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Edited by Julian SchroederAbstract Calmodulin (CaM) is a ubiquitous Ca2+-binding pro-
tein known to regulate diverse cellular functions by modulating
the activity of various target proteins. We isolated a cDNA
encoding AtWRKY7, a novel CaM-binding transcription factor,
from an Arabidopsis expression library with horseradish peroxi-
dase-conjugated CaM. CaM binds speciﬁcally to the Ca2+-
dependent CaM-binding domain (CaMBD) of AtWRKY7, as
shown by site-directed mutagenesis, a gel mobility shift assay,
a split-ubiquitin assay, and a competition assay using a Ca2+/
CaM-dependent enzyme. Furthermore, we show that the
CaMBD of AtWRKY7 is a conserved structural motif (C-motif)
found in group IId of the WRKY protein family.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Calmodulin (CaM) is a highly conserved and well character-
ized primary Ca2+ sensor in eukaryotes. It lacks intrinsic enzy-
matic activity and functions by regulating the activities of its
targets (CaM-binding proteins [CaMBP]), which control a
multitude of cellular functions [1,2]. Although most CaMBPs
identiﬁed to date are of cytoplasmic origin, CaM may also
be important in the nucleus. Accumulating data indicate that
Ca2+/CaM is involved in transcriptional regulation. For exam-
ple, in animals, Ca2+/CaM indirectly regulates transcription
through kinase cascades and phosphatase calcineurin [3].
Moreover, Ca2+/CaM can bind to some members of the bHLH
transcription factor family, thus inhibiting their DNA-binding
ability and directly inﬂuencing downstream target gene tran-
scription [4]. Recently, a novel family of CaM-binding tran-
scription factors from Arabidopsis (AtSRs/CaMTAs) andAbbreviations: AtCaM2, Arabidopsis calmodulin2; CaM, calmodulin;
CaMBD, CaM-binding domain; CaMBP, CaM-binding protein; GST,
Glutathione S-transferase; HRP, horseradish peroxidase; PDE, phos-
phodiesterase
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doi:10.1016/j.febslet.2005.01.057other organisms was reported to have transcription activation
function, to speciﬁcally bind to the CGCG box, and to re-
spond to various signal molecules, including H2O2 and SA
[5,6]. In addition, Du and Poovaiah [7] reported that the AtBT
transcription factor family, which exhibits varying responses to
diﬀerent stresses, binds to Ca2+/CaM.
WRKY proteins comprise a large family of zinc-ﬁnger-type
transcription factors. The Arabidopsis WRKY family has 74
members. WRKY proteins contain one or two WRKY do-
mains, which is a 60-amino-acid region with WRKYGQK
at its N-terminus and a C–C–H–C/H zinc-ﬁnger-like motif
in its C-terminal part. WRKY proteins bind speciﬁcally to
W-box elements [TTGAC(C/T)] both in vitro and in vivo
[8]. Despite the strong conservation of their DNA-binding do-
main, the overall WRKY protein structures vary markedly
and can be categorized into three distinct groups (I, II and
III) based on the number of WRKY domains and their
zinc-ﬁnger motif sequence. Outside of the WRKY domain,
individual WRKY group members lack any sequence similar-
ity. However, group II can be split into ﬁve distinct subgroups
(IIa to IIe) based on additional short conserved structural
motifs [8].
Here, we report that the whole WRKY group IId, including
AtWRKY7, a novel CaMBP we identiﬁed here, is a novel
CaM-binding transcription factor family in plants and that
their conserved structural motif is a Ca2+-dependent
CaM-binding domain (CaMBD). Thus, a wide variety of the
biological functions of the WRKY group IId proteins may
be regulated by CaM.2. Materials and methods
2.1. CaM-overlay screening and CaM-binding assay
An Arabidopsis kZAPII cDNA expression library was screened to
isolate CaMBPs using horseradish peroxidase (HRP)-conjugated Ara-
bidopsis CaM2 (AtCaM2::HRP) as a probe [9]. The following glutathi-
one S-transferase (GST)-fused AtWRKY7 deletion constructs were
generated with BamHI and SmaI: D0, amino acids 1Met-353Leu (full-
length); D1, 1Met-256Ser; D2, 1Met-98Pro; D3, 1Met-88Arg; D4,
1Met-71Asp; and D5, 99Ala-353Leu. Recombinant proteins were
assayed for CaM-binding activity as described in [9].
2.2. Site-directed mutagenesis of the AtWRKY7 CaMBD
To identify the critical CaM-binding residue(s) of AtWRKY7, we
introduced one or two point mutations into the GST::AtWRKY7
(D0) clone by using the QuickChange Site-Directed Mutagenesis
Kit (Stratagene).blished by Elsevier B.V. All rights reserved.
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AtCaM2 (303 pmol) was incubated with increasing concentrations
of the 17 amino acid peptide spanning the AtWRKY7 CaMBD (72Va-
l-88Arg) in 100 mM Tris–Cl (pH 7.5) and 0.1 mM CaCl2 or 2 mM
EGTA for 1 h at room temperature. The bound complexes were re-
solved by non-denaturing PAGE and visualized by staining with Coo-
massie brilliant blue.
2.4. Phosphodiesterase (PDE) competition assay
Bovine heart CaM-deﬁcient PDE (Sigma) activity was assayed as de-
scribed in [10] with varying concentrations of AtCaM2 (1–200 nM)
plus 100 nM synthetic peptide. The following equation was used to cal-
culate dissociation constants [11]: Kd = ([Pt] + K  [CaM])K/
([CaM]  K), where [Pt] is the total concentration of peptide added,
and [CaM] and K are the concentrations of CaM required to obtain
half-maximal activation of PDE in the presence or absence of peptide,
respectively.
2.5. Split-ubiquitin assay
AtCaM2 cDNA was cloned into a modiﬁed version of the pMet-
Ste14-Cub-RUra3 vector, thereby replacing yeast Ste14. The AtWR-
KY7 (WT and mutant) coding regions were cloned into the the
pCup-Nub-Sec62 vector, replacing yeast Sec62 [12]. Protein pair inter-
actions were analyzed on selection medium containing 5-FOA or lack-
ing uracil.3. Results
3.1. Isolation of the Arabidopsis CaMBP AtWRKY7
To isolate CaM-binding transcription factors in plants, we
screened an Arabidopsis cDNA expression library using HRP-
conjugated CaM as a probe [9]. Fifty positive clones were
obtained from about 5 · 105 recombinant phages. DNA
sequencing of the clones and comparisons with known
sequences in the GenBank database revealed known plant
CaMBPs, such as kinesin-like proteins [13], CaM-binding
heat-shock proteins [14] and two CaMBPs of unknown func-
tion. The 50 positive clones also included several novel CaMBPs
with high homology to known proteins, and others with no sig-
niﬁcant homology to any reported proteins. From these, we ob-
tained two cDNA clones that encode AtWRKY7, a WRKYFig. 1. Identiﬁcation of the AtWRKY7 CaMBD. (A) Six AtWRKY7 fragm
binding ability is shown in the right-hand column (+, binds CaM; , does no
The recombinant proteins were analyzed by Coomassie brilliant blue stainin
panel) or HRP-labeled CaM in the presence (CaCl2, third panel) or absencetranscription factor. AtWRKY7 has a WRKY DNA-binding
domain and a short conserved amino acid stretch called the C-
motif. The deduced amino acid sequence of AtWRKY7 shows
the distinct characteristics of the WRKY group IId, namely,
the conserved primary motif (designated C-region; VSSFK
[K/R] VISLL), the basic stretch that is a conserved motif (desig-
nated 1) that may constitute nuclear localization sequences, and
the WRKY DNA-binding domain (Fig. 1A).
To map the location of the CaMBD, full-length AtWRKY7
cDNA and ﬁve truncated versions were expressed in Esche-
richia coli as GST-tag fusions (Fig. 1A). The four proteins bear-
ing the putative CaMBD (D0–D3) interacted with CaM::HRP
in a Ca2+-dependent manner, unlike the proteins lacking this
sequence (D4 and D5) (Fig. 1B). Thus, the 17-amino acid
stretch at the N-terminus of AtWRKY7, i.e., the C-region,
(72VAVNSFKKVISLLGRSR88) may be its CaMBD.
3.2. Characterization of the AtWRKY7 CaMBD
The AtWRKY7 CaMBD does not ﬁt into the classical CaM-
binding motif [15] but it does form a basic, amphiphilic-helix
whose hydrophobic residues are segregated from hydrophilic
residues along the helix (Fig. 2A). To conﬁrm its interaction
with CaM, a synthetic peptide containing its sequence was
constructed and its CaM binding was detected by gel mobility
shift assays under non-denaturing conditions [11]. In the pres-
ence of 0.1 mM Ca2+, formation of CaM-peptide complex in-
creased as a function of peptide concentration and became
saturated at two peptide equivalents per CaM; however, the
complexes were undetectable in the presence of 2 mM EGTA
(Fig. 2B). We then assessed whether the synthetic peptide
could compete with the Ca2+/CaM-dependent enzyme PDE
for binding to CaM. Thus, the CaM dose-dependent activation
of PDE was monitored in the presence or absence of the pep-
tide. The activation curves shifted to the right in the presence
of the peptide, indicating that it competed with PDE for CaM
(Fig. 2C). The concentrations of CaM needed to achieve half-
maximal activation of PDE in the absence and presence of the
peptide were 10.1 and 38.2 nM, respectively, indicating a 3.8-ents (D0–D5) were expressed as GST-tag fusion proteins. Their CaM-
t bind CaM). (B) The AtWRKY7 constructs were expressed in E. coli.
g (ﬁrst panel) or Western blotting with an anti-GST antibody (second
of Ca2+ (EGTA, last panel).
Fig. 2. CaM-binding activity of a synthetic AtWRKY7 CaMBD
peptide. (A) A helical wheel projection of the CaMBD residues (amino
acids 72–88). The hydrophobic and basic amino acids of the CaMBD
are marked by (\) and (+), respectively. (B) The CaM-binding activity
of a synthetic peptide spanning the putative AtWRKY7 CaMBD was
analyzed by an electrophoretic mobility shift assay. CaM was mixed
with the peptide at an increasing molar ratio. (C) Ability of the
CaMBD peptide (100 nM) to compete with the CaM-binding activity
of PDE.
Fig. 3. Characterization of the CaMBD of AtWRKY7. (A) Hydro-
phobic and basic residues in the CaMBD are marked by (\) and (+),
respectively. AtWRKY7 CaMBD WT is the wild-type CaMBD while
V74R, F77R, V80R, I81R, L83R, L84R and F77R/L84R are CaMBD
mutants containing single or double amino acid substitutions. (B)
CaM-binding of the CaMBD mutants. The assay was performed as
described in Fig. 1B.
Fig. 4. Split-ubiquitin yeast assay using AtWRKY7 and CaM.
AtWRKY7 interacts with CaM in vivo. Shown are serial 10-fold
dilutions of cells coexpressing Nub or Nub-AtWRKY7 (WT or
CaMBD mutant) together with Cub or CaM-Cub-RUra3p on plates
that only lack tryptophan and leucine (control), or also lack uracil
(Uracil), or contain 5-FOA (+FOA).
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of PDE by CaM was determined to be 25.8 nM.
To identify AtWRKY7 CaMBD residues that are important
in CaM binding, six conserved hydrophobic residues were
substituted with Arg (denoted as V74R, F77R, V80R, I81R,
L83R and L84R) (Fig. 3A) and the CaM-binding of the vari-
ants was determined by a CaM overlay assay (Fig. 3B). The
F77R and L84R variants showed reduced CaM binding, while
the double-amino-acid mutant F77R/L84R did not bind CaM
at all. Thus, the two hydrophobic amino acids F77 and L84
may be important in CaM binding.
3.3. Analysis of the interaction between CaM and AtWRKY7 by
a split-ubiquitin assay
To test whether CaM and AtWRKY7 interact in vivo, the
yeast split-ubiquitin assay, which is based on the reassembly
of the N- and C-terminal halves (Nub and Cub) of ubiquitin(Ub) [12,16], was used. Thus, AtWRKY7 and CaM were fused
to the C-terminus of Nub and N-terminus of Cub, respectively.
The Cub of ubiquitin was linked to an N-terminally modiﬁed
Ura3p reporter containing Arg in amino acid position
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will reassemble into a native-like Ub and RUra3p will be
cleaved by ubiquitin-speciﬁc proteases. The released RUra3p
will then be rapidly degraded though the N-end rule pathway
of protein degradation [17]. Consequently, cells containing
CaM-Cub-RUra3p and Nub-AtWRKY7 are unable to grow
on plates lacking uracil, but grow on plates containing 5-
FOA, which is converted into toxic 5-ﬂuorouracil by RUra3p.
If CaM does not interact with AtWRKY7, the yeast cells are
uracil prototrophs and 5-FOA-sensitive. The cells co-express-
ing CaM-Cub-RUra3p and Nub-AtWRKY7 grew on 5-FOA-
bearing plates but not on uracil-lacking plates (Fig. 4). Thus,
AtWRKY7 complexes stably with CaM. CaM-Cub-RUra3p/
Nub and Cub-RUra3p/Nub-AtWRKY7 did not interact.
To test the speciﬁcity and the CaMBD-sequence dependence
of the interaction, the same experiments were repeated with theFig. 5. Characterization of the CaM-binding speciﬁcity of WRKY group IId
amino acid sequences from the single WRKY domain of group II and III m
aligned. Conserved primary structural features of the WRKY family outside
below the tree. Schematic depictions of typical members of each (sub) group a
CaM-binding assay as described in Fig. 1B. (C) Deduced amino acid sequen
tobacco, parsley, and oatmeal were aligned by the ClustalW algorithm. Das
acids are shown in white on a black background. (D) WRKY group IId memAtWRKY7 F77R/L84R mutant. Wild-type AtWRKY7 and its
CaMBD mutant did not show altered protein stability when
their Cub-RUra3p fusion proteins were grown on plates lack-
ing uracil (data not shown). Co-expression of CaM and
AtWRKY7 F77R/L84R greatly diminished the 5-FOA resis-
tance of the cells.
3.4. Characterization of WRKY IId proteins as a CaM-binding
group
To date, 74 distinct ORFs potentially encoding WRKY pro-
teins have been found in Arabidopsis databases [18]. These pro-
teins fall into three major groups and a phylogenetic tree clearly
indicates that group II splits into ﬁve distinct subgroups (Fig.
5A). The latter classiﬁcation is made on the basis of additional
structural motifs in various combinations. To test whether the
AtWRKY proteins can generally bind CaM, GST-fused re-members. (A) Phylogenetic analysis of 24 WRKY family members. The
embers or the C-terminal WRKY domains of group I members were
the WRKY domains were identiﬁed by using MEME and are shown
re shown on the right [5]. (B) AtWRKY members were subjected to the
ces of the C-region of WRKY group IId members from Arabidopsis,
hes indicate gaps introduced to maximize homology. Identical amino
bers were subjected to the CaM-binding assay as described in Fig. 1B.
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subjected to a CaM::HRP overlay assay. AtWRKY4 is one
of several group I members with twoWRKYDNA-binding do-
mains and C2H2 zinc-ﬁnger motifs, AtWRKY40 (IIa), 6 (IIb),
28 (IIc), 7 (II-d), and 22 (IIe) represent the various group II sub-
sets, and AtWRKY30 represents the group III proteins. Of all
the proteins, only AtWRKY7 of the WRKY group IId inter-
acted with CaM::HRP in the presence of Ca2+ (Fig. 5B). The
expression of the GST fusion proteins was veriﬁed by probing
the blot with an anti-GST antibody.
To test whether other AtWRKY group IId members can
interact with CaM, we examined their CaM-binding ability.
To date, 11 WRKY group IId genes have been identiﬁed in
plants. All bear well-conserved domains that include the C-re-
gion (Fig. 5C). Of the 10 proteins tested, all bound CaM (Fig.
5D). Thus, the WRKY group IId members may have con-
served their CaM-binding domain during evolution and may
be regulated by CaM.4. Discussion
To study CaM-binding transcription factors in plants, we
sought to isolate potential CaMBPs by screening an Arabidop-
sis cDNA expression library with HRP-conjugated CaM. This
yielded cDNA that encodes AtWRKY7, a novel CaM-binding
transcription factor that belongs to the WRKY group IId. We
then showed that the CaMBD of AtWRKY7 is a conserved
structural motif (C-motif) found in other WRKY group IId
proteins.
Most of the 50 or more CaMBDs isolated thus far consist of
16–35 amino acids that, upon helical wheel representation,
show segregation of basic and polar residues on one side and
hydrophobic amino acids on the other [19–22]. The Ca2+-
dependent CaM-binding motifs were recently classiﬁed into
two major groups, namely, the 1–8–14 and 1–5–10 motifs,
whose numbers indicate the positions of conserved hydropho-
bic residues [23]. However, the CaMBD of AtWRKY7 lacks
such traditional CaM-binding motifs, although it does form
a basic, amphiphilic-helix in which hydrophobic residues are
segregated from hydrophilic residues along the helix (Fig.
2A). We mapped the location of the AtWRKY7 CaMBD by
cDNA expression-deletion mapping (Fig. 1) and conﬁrmed
its CaM-binding activity by CaM mobility shift and PDE com-
petition assays employing a synthetic peptide bearing its se-
quence (Fig. 2B and C). The Kd value of the AtWRKY7
CaMBD peptide for the activation of PDE by CaM was deter-
mined to be 25.8 nM. This Kd value is compared with 18.2 nM
for Mlo CaMBD peptide [24] and 4.50 and 11.82 nM for two
DsPTP1 CaMBD peptides [25]. This result indicates that the
binding aﬃnity of CaM for the AtWRKY7 CaMBD peptide
is lower than that for the Mlo and DsPTP1 CaMBD peptides.
A split-ubiquitin assay also demonstrated the CaMBD-depen-
dent in vivo interaction between CaM and AtWRKY7 (Fig. 4).
The substitution of the key hydrophobic amino acids F77R
and/or L84R in the CaMBD reduced or eliminated the Ca2+-
dependent CaM-binding ability of AtWRKY7 (Fig. 3).
WRKY proteins are a large family of plant transcription
factors and their overall structures are highly divergent, which
may reﬂect their diﬀerent functions. Thus, it remains unclear
what roles the conserved structural motifs in the proteins play
in various signaling pathways. AtWRKY7 belongs to theWRKY group IId, whose members have been found in diverse
plant species. Dong et al. [26] recently reported that the
WRKY group IId that includes AtWRKY7 is induced by
pathogen infection and salicylic acid, which generate calcium
ions known to act as a second messenger. In this report, we
found that all WRKY group IId members identiﬁed to date
bear the CaM-binding domain of AtWRKY7 and that all of
those studied exhibited CaM-binding. Thus, we propose that
the binding of Ca2+/CaM to the C-region of the WRKY group
IId proteins may be a common feature of this group. Further
characterization of the way, CaM aﬀects WRKY group IId
function(s) should provide exciting novel information about
the role(s) the WRKY group IId members may play in
CaM-mediated Ca2+ signaling.
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